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ller network in silicone rubber
with confocal laser-scanning microscopy

Min Liu, Ming Kang, * Yongren Mou, Kexu Chen and Rong Sun

Most of the present studies of filler network structure basically stay in some phenomenological descriptions

and classical electron microscopes are restricted by conventional 2-D imaging. This paper completed the

visualization of filler networks in silica-reinforced silicone rubber (MVQ). Using a special network

visualization technique based on fluorescent markers embedded in silica and Confocal Laser-Scanning

Microscopy with an optical lateral resolution of about 200 nm, insights into the precise 3-D morphology

and detailed micro-structure of filler networks were gained. A kind of sensitized-silica phosphor was

prepared, with the excitation wavelength of 405 nm, which is consistent with the laser wavelength of

Confocal Laser-Scanning Microscopy. Combining Image J software and tensile measurements, shapes,

network structures, size distributions of aggregates in the silicone rubber matrix with silica loading from

10 to 60 phr were directly observed and the loading threshold for the formation of filler network in this

experiment was obtained.
1. Introduction

� Rubber is an important polymeric material because of its
unique viscoelastic properties. However, the reinforcement of
this somatrix is essential to realize the required properties for
practical applications. Therefore, llers are extensively used in
the rubber industry, not only to reinforce the rubber matrix but
also to improve the processing performance of rubber and, in
some cases, to reduce the price of the nal material.1 As
conrmed, ller particles are not evenly distributed in the
rubber matrix, but are distributed according to the different
methods of preparation to form the so-called ller network
structures, which have been demonstrated to play a key role in
enhancing toughness and strength of rubber materials.2–4

Strain-induced deformation, destruction, and reconstruction of
ller networks were directly observed under cyclic loading for
the rst time by synchrotron radiation X-ray nano-computed
tomography technique and the reinforcing and toughening
effects of ller networks were quantitatively assigned to three
mechanisms, namely elastic deformation, destruction, and
friction of ller network,5 so the understanding of ller network
structure is of the utmost importance for the performance of
rubber.

� However, due to the complexity of the micro-structure of
lled-rubber and the restriction of research methods and
technology, it is very difficult to observe the formation of the
ller network structure and its contribution to the mechanical
ng, Southwest University of Science and
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behavior of rubber directly. Although the synchrotron radiation
X-ray nano-computed tomography technique has a great
advantage in the study of ller network structure, this tech-
nology is based on large-scale scientic devices with limited
resources, which limits its widely use in ller network research.
Thus, the present studies of ller network structure basically
stay in some phenomenological description and lack relatively
ideal technology for detecting the ller network structure. On
the one hand, a number of theories and models about Payne
effect have been proposed to interpret the importance of the
ller aggregates and networks, such as the Kraus model, the
links–nodes–blobs (LNB) model,6,7 the chain slippage models,
the bound rubber/entanglement network model,8 the localized
glassy layer model9 and so on. The result that the Payne effect of
CB gel (CBG) is frequency-independent and does not exhibit
hysteresis during loading–unloading cycle indicates that the
CBG network rather than the entanglement network dominates
the instant recovery of the highly lled compounds,10 support-
ing the deduction of Satoh et al. about the quick healing
behavior of ller network.11

� On the other hand, in general for the purpose of detailed
microscopic characterization and ne-scale identication,
other conventional microscopic techniques or additional high-
resolution imaging tools such as scanning electron microscopy
(SEM), environmental scanning electron microscope (ESEM),
transmission electron microscopy (TEM), or atomic force
microscopy (AFM) have been applied to observe the ller
network structure in rubber. Atitaya Tohsan used TEM and AFM
to observe the morphological features of peroxide cross-linked
in situ silica-lled nanocomposites.12 It can be seen that
spherical aggregates with an average size of 500 nm were
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The formation mechanism of SiO2@SiO2:Eu(DBM)3phen
phosphors.
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View Article Online
detected and a ller network structure was also generated. Yong
Lin13 and Jun Yang14 also used TEM to describe ller network
structures generated from silica/reduced graphene oxide and
silica, respectively. Jingyi Wang used SEM to observe the frac-
ture surfaces of NR vulcanizates with different llers.15 It can be
seen that pristine ller agglomerated highly with large-size
agglomerates in NR matrix. However, the agglomerates dealt
with Si69 were smaller and dispersed well in NR matrix.
However, SEM can only detect the morphology and distribution
of ller in the rubber surface but can not observe the spatial
distribution of ller inside the rubber. For AFM, although
three-dimensional images of llers in the surface can be ob-
tained through the different value of the force between micro-
probe and rubber matrix, micro-probe and llers, it requires
extreme level of roughness on the surface of the sample for the
reason that its maximum scanning height is 2 mm. Besides, the
so nature of the silicone rubber also has a great inuence on
the accuracy of scan probe. For TEM, as a result of weak elec-
tronic penetration ability, the sample is required to be thin
enough, which results in that only partially spatial distribution
information of ller inside rubber can be obtained. Besides,
because of the co-existence of rubber phase and the various
kinds of ller aggregation, a pure ller phase that is covered by
rubber matrix could not be achieved by SEM, TEM or AFM,
which results in that it is difficult to dene a so-called “perco-
lation threshold” for forming model ller network in the rubber
matrix.

Here, uorescent markers and Confocal Laser-Scanning
Microscopy (CLSM) with optical lateral resolution about
200 nmare employed to study the ller network structure of silica
in a large volume of silicone rubber matrix. A kind of sensitized,
spherical, and mono-disperse silica phosphor (SiO2@SiO2:-
Eu(DBM)3phen) was prepared by the sol–gel method, imple-
menting the uorescent markers of silica. What's more, the
particle size and luminescence properties of this kind of ller are
controllable, by adjusting the reaction conditions, therefore it is
feasible to prepare the ller that is suitable for uorescent
markers. For CLSM, it is a general technique to draw a series of
sliced images of a specimen, which can be reconstructed as 3-D
images. The non-invasive and non-destructive laser-raster tech-
nique is applied to characterize uorescent silica llers and the
in depth examinations along Z-axis in XY, XZ, or YZ scanning
modes at increments of 150 nm are capable to reconstruct 3-D
internal structure of them.16,17 It demonstrated that CLSM is
more advantageous in (1) detecting the micro-structure of uo-
rescent silica llers at micron to sub-micron scale resolution, (2)
obtaining pure ller phase in the composites, (3) reconstructing
3-D morphology of uorescent silica llers, (4) observing the
morphology of silica ller network structure and the aggregates
size through uorescence distribution, (5) in situ observation of
samples without serious damages.18–23

2. Experimental
2.1 Materials

Tetraethyl orthosilicate (TEOS), acetone, Cetyl-Trimethyl
Ammonium Bromide (CTAB), 1,10-phenanthroline (phen) and
This journal is © The Royal Society of Chemistry 2017
dicumyl peroxide (DCP) were obtained from Chengdu Kelong
Chemical Reagent Industry (China). Eu(NO3)3$6H2O (99.99%)
and dibenzoyl methane (DBM) were purchased from Aladdin
Reagent Co. The silicone rubber (type: 110-2, Mn ¼ 6.5 � 106 g
mol�1, 0.23% mol�1 vinyl content, MVQ) used in the study was
purchased from Zhejiang Xin'an Chemical Group Co., Ltd.
(China). The other materials are all commercially available.
2.2 Preparation of silica phosphors
(SiO2@SiO2:Eu(DBM)3phen)

The rare earth (RE) complexes Eu(DBM)3phen were synthesized
as report.24 The mono-disperse SiO2@SiO2:Eu(DBM)3phen
phosphors were synthesized in a seeded growth way, which our
group had prepared successfully as following steps.25 The
formation process for the SiO2@SiO2:Eu(DBM)3phen phos-
phors was shown in Fig. 1. In the rst step, a certain amount of
TEOS was rapidly dropped into a mixture that consisted of
anhydrous ethanol, distilled water, and ammonia, with the
volume ratio of 10 : 5 : 1, stirring for 30 min. The size of seeds
were controllable by adjusting the ratio of ammonia. In the
second step, anhydrous ethanol, distilled water and ammonia
with the same volume ratio were added rapidly into the above
mixture, stirring for 15 min at room temperature. Then CTAB
and Eu(DBM)3phen acetone solution (the molar composition of
Eu(DBM)3phen:TEOS(secondary addition) was 5 : 100) were
added slowly(using a micro-injector) into the mixture in the
sonicator. Finally, a certain amount of TEOS was added slowly
again and reacted for 5 h. The samples were separated by
centrifugation at 8000 rpm for 5 min, washed by acetone and
anhydrous ethanol, and then dried at 60 �C for 24 h in air. In
order to remove residuary CTAB, the as-dried precursors were
calcined at 350 �C for 3 h in nitrogen atmosphere. The heating
rate was 20 �C min�1.
RSC Adv., 2017, 7, 53578–53586 | 53579
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2.3 Preparation of silica phosphors lled MVQ

The compounds were prepared using an internal mixer at
105 �C and 90 rpm for 30 min (weight content of silica phos-
phors were 10 to 60 phr). As the structure control agent, a small
amount of hydroxyl silicone oil was added in the process of
mixing. Aer 1 week of adsorption at room temperature, the
cross-linking agent DCP was added into the compounds at
room temperature with 60 rpm for 15 min (weight content of
DCP was 2.5 phr) and then were cured to a lm by a compres-
sion molding machine at 160 �C and 10 MPa for 10 min to
obtain the vulcanizates. The formulations and cure conditions
for preparation of the rubber sample were shown in Table 1. The
lms were then cut into rectangular-shaped specimens with
thickness of 50 mm, for CLSM imaging.
Table 1 Formulations and cure conditions of vulcanized silicone
rubber

Ingredients Loading levela (phr)

MVQ 100
Si02 10–60
DCPb 2.5
Curing time (min) 10
Curing temperature (�C) 160
Curing pressure (MPa) 10

a Parts by weight per hundred parts rubber (phr). b Dicumyl peroxide.

Fig. 2 Principle of the CLSM.

Table 2 Setting of CLSM measurement

Parameter
[unit]

Laser
wavelength [nm]

Magnication
[—]

Line
average [—]

Channel
1 type [nm]

405 20� 2 PMT
(417–517)

53580 | RSC Adv., 2017, 7, 53578–53586
The samples silica phosphors lled MVQ coded as MVQx, in
which x denotes the silica phosphors loading in phr (parts per
hundred rubber) of the original compounds.
2.4 Visualization of the ller network structure

Because of the limitation of focal depth of CLSM imaging
system, samples were cut to thin lms with thickness of 50 mm
for CLSM imaging, operated with an Ar laser (405 nm). The
principle of the CLSM was shown in Fig. 2: focusing of laser
light on a narrow point inside the specimen, detection of only
the in-focus light through a confocal pinhole and the light from
out-of-focus structures was faded out.

The resulting optical section contains only information from
one focus plane. To ensure the uorescence of the silica phos-
phors lled silicone rubber and to enable a high-quality analysis
of the ller network structures, during image acquisition in XY,
XZ, YZ, and XYZ modes, line average was 2 and images were
captured as 2-D images in digital image resolution of up to 1024
� 1024 pixel. The confocal images were captured in jpg format.
The 200 consecutive confocal images, obtained at increments of
up to 0.15 mm, were stacked as optical sections in z-direction.
The CLSM settings for the evaluation of the experiments were
presented in Table 2. Finally, Image J soware was used to
complete 3-D reconstruction.
2.5 Characterization

The surface morphology of the silica phosphors were analyzed
by a eld emission scanning electron microscope (FESEM)
(TESCAN MAIA3 SEM) operating at 20 kV aer sputtering
treatment. Thermal gravimetric analysis and differential
scanning calorimetry (TGA-DSC) data were recorded with
a thermal analysis instrument (TGA/SDTA851e, METTLER
TOLEDO, Switzerland) at a heating rate of 20 �C min�1 in an
air ow of 100 mL min�1. The photo-luminescence excitation
(PLE) and emission (PL) spectra of silica phosphors were
measured at room temperature by a luminescence spectro-
photometer (Model F-4500, Hitachi) with a 150 W xenon lamp
as the excitation source. Mixed rubber was prepared by
a laboratory size internal mixer (RC400P, HAAKE Co., Ltd,
Germany). Cross-linked silicone rubber sheets were prepared
in a platen press (P300E, DR COLLIN Co., Ltd, Germany).
Confocal images and 3-D reconstructions were produced
using confocal laser-scanning microscopy (Leica TCS Sp8)
and Image J soware, respectively. The tensile tests were
performed at room temperature on RSA-G2 (TA Instruments)
at a stretching rate of 5 mm min�1.
Channel
2 type [nm]

Image
size [mm2]

Pixel
size [nm2]

Z-Step
size [mm]

Nr of
steps [—]

Format
[—]

PMT
(588–800)

581.25 �
581.25

568.18 �
568.18

0.15 200 1024 �
1024

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion
3.1 Characterization of silica phosphor and uorescence
properties of MVQ10-60

Fig. 3 showed the FESEM images and TGA curves of SiO2@-
SiO2:Eu(DBM)3phen phosphors. As shown in Fig. 3a, the ob-
tained silica phosphors were spherical and mono-disperse that
most diameters of the phosphors were 275 nm (as conrmed by
size distribution histogram in Fig. 3b), ensuring a consistent
size with commercial sol–gel silica.26 In order to demonstrate
the thermal stability of SiO2@SiO2:Eu(DBM)3phen phosphors at
vulcanizing temperature (160 �C), the thermogravimetric anal-
ysis (TGA) of pure SiO2, pure Eu(DBM)3phen and SiO2@SiO2:-
Eu(DBM)3phen particles were adopted, as shown in Fig. 3c. It
showed that for Eu(DBM)3phen particle, it started to decompose
at about 360 �C. For SiO2@SiO2:Eu(DBM)3phen phosphors,
a small weight loss from 30 �C to 150 �C was observed, which
was due to the loss of the adsorbed water molecules and a large
weight loss from 250 �C to 600 �C attributed to the condensation
among silanol groups (the same as pure SiO2) was observed and
the decomposition of Eu(DBM)3phen, so its mass loss rate was
1.4% more than pure SiO2. Therefore, it could be concluded
that whether pure Eu(DBM)3phen particles or SiO2@SiO2:-
Eu(DBM)3phen phosphors, they won't decompose under the
curing temperature, which ensures the nal uorescent prop-
erties of SiO2@SiO2:Eu(DBM)3phen phosphors lled vulcanized
rubber.
Fig. 3 (a) FESEM images of SiO2@SiO2:Eu(DBM)3phen phosphors, (b) histo
(c) TGA curves of pure SiO2, pure Eu(DBM)3phen and SiO2@SiO2:Eu(DBM

This journal is © The Royal Society of Chemistry 2017
Since the wavelength of four independent solid-state lasers
in CLSM we used are 405 nm, 488 nm, 552 nm and 638 nm, the
control of peak position of emission spectra is necessary. The
excitation and emission spectra of SiO2@SiO2:Eu(DBM)3phen
phosphors were shown in Fig. 4a and b. The excitation spec-
trum was obtained by monitoring the emission of the 5D0–

7F2
transition of the Eu3+ ions at 610 nm (Fig. 4a). The excitation
spectrum of the SiO2@SiO2:Eu(DBM)3phen phosphors was
composed of a broad band centered at 405 nm, which was
consistent with the laser wavelength of CLSM. Upon excitation
at 405 nm, the strongest red emission peaking at 610 nm arose
(Fig. 4b), which was consistent with the testing results of CLSM.
Fig. 4a1 and b1 present the excitation and emission spectra of
MVQ10-60. They all showed excellent uorescence perfor-
mance, and no shi of characteristic peak position when
compared with silica phosphors, indicating that the uorescent
marker of ller network has been completed.
3.2 Filler network as observed by CLSM

As the ller network of MVQ60 was relatively typical, CLSM
observation of MVQ60 was carried out as shown in Fig. 5, which
were obtained by channel 1. In the 2-D CLSM image, red and
dark phases were attributed to silica phosphors and rubber
phases, respectively. It was observed that the silica phosphors
primary particles appeared to be unevenly dispersed in rubber
matrix and mutually fused to form their higher ordered
grams of size distribution of SiO2@SiO2:Eu(DBM)3phen phosphors, and
)3phen phosphors.

RSC Adv., 2017, 7, 53578–53586 | 53581
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Fig. 4 The excitation spectra and emission spectra of (a), (b) silica phosphors, and (a1), (b1) MVQ10-60.

Fig. 5 The process of 3-D reconstruction of silica phosphors network obtained from MVQ60.

53582 | RSC Adv., 2017, 7, 53578–53586 This journal is © The Royal Society of Chemistry 2017
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Fig. 7 SEM images, CLSM images and skeletonization of silica phos-
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structures, i.e., the aggregates, because of the formation of
hydrogen bonds between the abundant silanol groups on its
surface.15 Additionally, it should be pointed out that the silica
phosphors phases, which were covered by silicone rubber, were
so fuzzy, so the observation of ller network structure and the
statistics of aggregate size have not been completed yet.
Therefore, 3-D reconstruction with the consecutive 2-D con-
focal images was adopted to describe the integrated
morphology of ller network of silica phosphors.

Image J soware was used to realize the establishment of 3-D
reconstruction. Briey, 200 consecutive confocal images were
imported through image sequence program and 3-D images
were obtained from 3D plugins, from which the structure
characteristics of the sample could be observed easily at any
angle. Fig. 5 showed the process of 3-D reconstruction of silica
phosphors network obtained from MVQ60 and a representative
front view 3-D image of silica phosphors dispersing was shown
at the bottom right corner of Fig. 5, where the rubber matrix was
made transparent. As it showed, the aggregates were dispersed
throughout and could be found with various morphologies,
such as rod-like, semilunar, elliptical, and spherical and with
size of a few micrometers.5 In order to describe the ller
network structure more intuitively, the silica phosphors
networks were constructed along the backbone of their aggre-
gates from reconstruction imaging Briey, 3-D images of silica
phosphors networks were converted to binary imaging and
skeletoned using Image J soware, and a full scale of ller
network associating with the aggregates dispersing were
obtained (as shown in Fig. 6).
phors networks obtained from MVQ10-60.
3.3 Filler network structure evolution under different ller
content loading

Fig. 7 presented the ller network structure of MVQ10-60 as
observed by SEM and CLSM and the skeletonization of ller
networks.

As shown in SEM images, the white and spherical parts
showed the silica phosphors, which fused into aggregates of
a few micrometers and there were no distinct large-scale
agglomerates. Because of the limitations on SEM testing prin-
ciple, it could only observe the distribution in the surface of
sample, therefore the 3-D structure of ller network still could
not be observed clearly. It could be seen from CLSM images and
skeletonization results that ller networks were generated at the
loading of ller over 30 phr and some different characteristics
Fig. 6 Step of filler network construction. A small zone of the filler
network was constructed along the backbone of silica phosphors
aggregates by Image J software.

This journal is © The Royal Society of Chemistry 2017
were reasonably detected. Notably, the ller network of sample
MVQ60 seemed to be larger and clearer than that of other
samples. Addingmore silica phosphors resulted in a denser and
more connected network and the size of their aggregates
became larger. It could be explained by the reason that
hydrogen bonds between the abundant silanol groups on its
surface were signicantly increased with the increase of the
silica content, so it can be reasonably concluded that the silica
phosphors with a high content tended to undergo severe
aggregation. In order to verify the feasibility of this method, the
experimental value, theoretical value of ller volume fraction
and the related visualization rate were calculated and shown in
Fig. 8. The theoretical value of ller volume fraction (yf) were
calculated by the following eqn (1):

yf ¼ Vf

Vr

¼ 4fr �
rf

rr
(1)

where Vf, Vr, rf and rr denote the volume and density of llers
and vulcanized silicone rubber, respectively. 4fr is the mass
ratio of llers and vulcanized silicone rubber, which can be
calculated by the weight content of recipes in the vulcanized
silicone rubber. rr is mass divided by volume of vulcanized
silicone rubber with regular shape and rf was measured by the
method of pycnometer, which turns out 2.1 g cm�3. The
experimental value of ller volume fraction were analyzed by
Image J soware.
RSC Adv., 2017, 7, 53578–53586 | 53583
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Fig. 8 Volume fraction of fillers obtained from MVQ10-60.
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The theoretical value of MVQ10-60 were 4.1%, 7.4%, 10.3%,
12.8%, 15.0% and 17.0%, while the experimental value were
3.3%, 6.1%, 8.8%, 11.9%, 14.2% and 16.5%. The related visu-
alization rate were 80.5%, 82.4%, 85.4%, 93.0%, 94.7% and
97.1% (the ratio of the experimental value with the theoretical
value). The deviation of the volume fraction could be explained
by the reason that a small number of mono-disperse silica in the
rubber matrix with diameters less than 200 nm could not be
observed by CLSM. However, based on the fact that
Fig. 9 The size distribution of silica phosphors aggregates obtained from
(g) contents of aggregates with sizes smaller than 2.5 mm (PS) and larger t

53584 | RSC Adv., 2017, 7, 53578–53586
visualization rate attained 90% above with ller content over 40
phr, it was feasible to conduct the thorough research to the ller
network structure through this new method, including the
statistics of aggregates size, the calculation of the network
connectivity, the strain-induced deformation, destruction, and
reconstruction. With the increase of ller content, the visuali-
zation rate increased rapidly, which would be explained later.
So, it provided a new method to detect the structural evolution
under loading and a new direction for revealing the reinforce-
ment mechanism of ller network.

Moreover, based on CLSM imaging, the size distributions
of silica phosphors aggregates in the silicone rubber matrix
could be counted directly. The reconstruction imaging was
analyzed by Image J soware with the assumption that
aggregates were spherical, and then the diameter distribu-
tions of aggregates were obtained. Fig. 9a–f were the size
distribution of silica phosphors aggregates obtained from
MVQ10-60. For all samples, the sizes of aggregates were
mainly in the range of 2.5–7 mm and occupied about half of
the total counted results, while large ones with sizes more
than 7 mm and small ones with sizes less than 2.5 mm took
a minor fraction. Thus, the contents of aggregates with sizes
smaller than 2.5 mm and larger than 7 mm (denoted as PS
and PL) were selected to evaluate the aggregation degree of
aggregates. Fig. 9g depicted PS and PL at different content of
silica phosphors. Upon increasing the content of llers, PS
showed a monotonic decrease. For MVQ10, PS was about 64%,
(a) MVQ10, (b) MVQ20, (c) MVQ30, (d) MVQ40, (e) MVQ50, (f) MVQ60,
han 7 mm (PL), and (h) network connectivity obtained from MVQ10-60.

This journal is © The Royal Society of Chemistry 2017
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which reached to 8% at content of 60 phr (MVQ60). Mean-
while, PL increased from 1% at content of 10 phr to 39% at
content of 60 phr. The synchronous changing trends of PS and
PL revealed silica phosphors with a high content tended to
undergo severe aggregation,27 which was the reason why
CLSM was more applicable to high ller content rubber.

The network connectivity (Tnet) is dened as an indicator to
explore the network structures of the samples with various silica
phosphors amounts. With the aid of imaging analysis from
CLSM and the numerical statistical analysis from Image J so-
ware, the effective inter-particle distance of adjacent silica
phosphors aggregates (dc) and the percentage of the ller
network connectivity Tnet could be calculated by the following
equations:28

dc ¼ (0.86y�1/3
f � 1)dave (2)

Tnet ¼ N(dl)/N(di) (3)

where yf is the volume fraction of silica phosphors, which can be
obtained by eqn (1). N(dl) is the number of aggregates whose
size is larger than dc. dave is the average size of the aggregates,

which can be obtained by dave ¼
X

NidiX
Ni

, where di is the

diameter of the silica phosphors aggregates and Ni is the
number of the silica phosphors aggregates. According to this
arrangement, we can consider that silica phosphors aggregates
have sizes larger than the effective inter-particle distance will
keep the network connected.27 Tnet was calculated and plotted
vs. the silica phosphor content in Fig. 9h. Originally, Tnet was
5% for the low silica phosphor amounts of 10 phr and it was
13% for MVQ20. Increasing the silica phosphor content to 30
phr caused a sharp increase in Tnet to 47%. In this case, we
believed that the ller network had been formed at ller content
over 30 phr. In fact, for the low silica phosphor amounts, the
large effective inter-distance, small size of the aggregates and
weak interaction of adjacent silica phosphor aggregates made
them inadequate for forming a complete ller network. Upon
increasing the silica phosphor content, the ller network
connectivity increased.
Fig. 10 (a) Engineering stress–strain curves obtained from MVQ10-60, (
shows a linear fitting of experimental data.

This journal is © The Royal Society of Chemistry 2017
3.4 Tensile and mechanical fracture measurements

Aer presenting the network connectivity results on silica ller
network, we compared the mechanical properties of lled sili-
cone rubbers with different silica content loading. Fig. 10a
showed the stress–strain curves of MVQ0-60 samples during
tensile deformation. For a quantitative comparison, we calcu-
lated the fracture energy G of lled silicon rubbers, which is the
work required to generate a crack on unit area of sample and
expressed as eqn (4).29

G ¼ L0

ð3
0

sð3Þdð3Þ (4)

where s(3) is the tensile stress at strain of 3 and L0 is the initial
length of sample (2 mm).

Based on eqn (4), the fracture energy G of MVQ0-60 samples
were calculated to be from 72.37 to 216.92 J m�2, indicating
continuous reinforcement and toughening effects. Fig. 10b
showed the fracture energy as a function of network connec-
tivity and the solid line showed a linear tting of experimental
data. At the loading of silica below 30 phr, ller network was not
formed and the reinforcing performance was mainly affected by
the rubber cross-linked chains, resulting in deviation from the
linear relationship in Fig. 10b. At the loading of ller over 30 phr
(the network connectivity over 37%), the excessive stress resul-
ted in fracture of bundles or phasemorphology of ller network,
so the fracture energy was consistent with the network
connectivity and the correlation coefficient R2 was 0.997. It also
demonstrated that the loading threshold for the formation of
ller network in this experiment was 30 phr, over which the
ller network was crucial for rubber reinforcing.

4. Conclusions

Spherical silica phosphors(sol–gel silica), prepared by in situ
synthesis, with primary particle sizes around 250–300 nm and
2.5–7 mm of the aggregates in the silicone rubber matrix were
took as an example to complete the visualization of ller
network structure by uorescent markers embedded in silica
and CLSM with optical lateral resolution about 200 nm, and
the corresponding 3-D structure, skeletonization and size
b) fracture energy as a function of network connectivity. The solid line

RSC Adv., 2017, 7, 53578–53586 | 53585

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09773e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

1/
18

/2
02

5 
11

:2
7:

56
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
distributions of aggregates under different ller content
loading were obtained by Image J soware. The visualization
rate of the silica phosphors aggregates indicated that CLSM was
feasible to conduct the thorough research to the ller network
structure, since the visualization rate attained 90% above with
ller content over 40 phr. Through the analysis of network
connectivity and fracture energy, the result that the loading
threshold for the formation of ller network was 30 phr in this
experiment could be obtained. The current study also demon-
strates that CLSM has considerable advantages when compared
with SEM and synchrotron radiation X-ray nano-computed
tomography technique. It has both: intuition and efficiency in
examining 3-D lateral and vertical morphology and micro-
structure of ller networks, which helps to explore the strain-
induced deformation, destruction, and reconstruction of ller
network more easily and efficiently.
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